A switch from estrogen-dependent to estrogenindependent growth is a critical step in malignant progression of breast cancer and is a major problem in endocrine therapy. However, the molecular mechanisms underlying this switch remain poorly understood. The Wilms' tumor suppressor gene, wt1, encodes a zinc finger protein WT1 that functions as a transcription regulator. High levels of the WT1 expression have been associated with malignancy of breast cancer. The goal of this study was to investigate the function of WT1 in malignant progression of breast cancer. We found that the high passage ER-positive breast cancer MCF7 H cells expressed EGFR, HER2 and WT1 at higher levels compared to the low passage MCF7 L cells. MCF7 H cells responded weakly to estrogen stimulation, grew rapidly in the absence of estrogen and were insensitive to anti-estrogens such as ICI 182,780 and 4-hydroxy-tamoxifen (4OH-TAM). We also established stable cell lines from the low passage MCF7 L cells to constitutively express exogenous WT1 and found elevated levels of EGFR and HER2 expression, estrogen-independent growth and antiestrogen insensitivity in WT1-transfected MCF7 L cells. These results suggested WT1 promotes estrogen-independent growth and anti-estrogen resistance in ER-positive breast cancer cells presumably through activation of the signaling pathways mediated by the members of EGFR family.
Introduction
The roles of endogenous estrogens in breast cancer etiology have been supported by a number of epidemiological, clinical and laboratory studies (1) . Estrogen signaling pathways, in particular the mitogenic pathway, mediated by the estrogen receptor-· (ER-·) is believed pivotal in development of breast cancer stimulated by estrogen (2, 3) . Most non-metastatic breast cancers originally contain cells that express ER-· and respond to mitogenic estrogen signaling (4) . However, majority of these tumors will transit from an estrogen-dependent to an estrogenindependent state that is usually associated with an aggressive form of the disease. Many estrogen-dependent breast tumors at the time of clinical diagnosis will respond to endocrine therapy with anti-estrogens such as tamoxifen. However, after a prolonged treatment, most breast cancers eventually become resistant to endocrine therapy (5) . The molecular mechanisms underlying this transition and how cell proliferation is regulated once estrogen independence is achieved are under extensive research (reviewed in refs. 6 and 7). Several models have been proposed as possible mechanisms for developing estrogenindependence and anti-estrogen resistance including: expression of variant or mutated ER-·, ligand-independent activation of ER-· by other signaling pathways, altered expression of co-factors or downstream estrogen target genes, post-receptor and pharmacological alterations (reviewed in ref. 7) .
There is a growing body of evidence indicating that constitutive expression of growth factors or growth factor receptors in breast cancer cells is one of the major mechanisms for developing estrogen independence and anti-estrogen resistance. Increased autocrine and papracrine growth factor signaling pathways could bypass the requirement of mitogenic estrogen signaling during progression of breast cancer, which would also render anti-estrogen resistance. In many cases, estrogen-independent and tamoxifen-resistant tumors display enhanced expression of the epidermal growth factor receptor (EGFR) or ErbB family members, such as EGFR (HER1 or ErbB1), HER2 (ErbB2 or Neu), and high basal levels of MAP kinase activation (8 and reviewed in refs. [9] [10] [11] . In clinical studies, ER-positive patients with HER2-positive tumors are less likely to benefit from endocrine therapy than patients with HER2-negative tumors (reviewed in ref. 11 ). However, the molecular mechanisms by which breast cancer cells acquire enhanced mitogenic signaling through the growth factor pathways are largely unknown.
The Wilms' tumor susceptibility gene, wt1, at chromosome locus 11p13 (12-14) encodes a C 2 -H 2 -type zinc finger protein, WT1. Through alternative splicing, there are four protein isoforms of WT1 that differ by the presence of one 17 amino acid insert between its transcription regulatory domain and DNA binding domain and one 3 amino acid (KTS) insert between the third and fourth zinc fingers (reviewed in refs. 15 and 16) . The different isoforms are referred to as A, B, C and D; the A isoform lacks both 17 amino acid and KTS inserts; B isoform contains the 17 amino acid insert but lacks KTS insert; C isoform lacks the 17 amino acid insert but contains KTS insert; and D isoform contains both inserts. Mutations of wt1 were found to be associated with subsets of Wilms' tumor (reviewed in refs. 15 and 16), mesothelioma and ovarian tumor (reviewed in ref. 17) , consistent with the role of WT1 as a tumor suppressor. However, high levels of the wild-type WT1 mRNA and protein have been found in leukemia (18) , lung cancer (19) and breast cancer (20) (21) (22) . Breast cancer patients with tumors that highly express WT1 usually have a lower 5-year disease-free survival rate than patients with tumors of low WT1 expression (22) , suggesting WT1 expression is associated with aggressive phenotype of breast cancer. However, the biological function of WT1 in development of the aggressive breast tumors is currently unclear.
The MCF7 cell line, originally established from an ERpositive breast adenocarcinoma is an estrogen-dependent breast cancer cell line that responds well to anti-estrogens such as tamoxifen. In this study, we found a high passage (>75) subline of MCF7 cells that can proliferate in an estrogenindependent manner even retaining ER-· expression and are estrogen responsive. We also found these cells highly express EGFR, HER2 and WT1. The biological function of WT1 in estrogen-independent proliferation and anti-estrogen resistance was studied in these high passage MCF7 cells as well as in MCF7 cells constitutively expressing recombinant WT1. (23), using the FuGene 6 transfection reagent (Roche Applied Sciences, Indianapolis, IN). The empty expression vector was also transfected into MCF7 L cells to serve as a control. Forty-eight hours after transfection, the cells were re-plated and selected with 500 μg/ml of G418 (Invitrogen Corporation, Carlsbad, CA) for two weeks. The medium was changed every 3 days until colonies appeared. We established a number of clonal cell lines that highly expressed WT1, three of which are described in detail in this study (MCF7/WTl-2, -3 and -4). More than 20 individual clones from cells transfected with the empty expression vector were pooled and used as control MCF7/V cells.
Materials and methods

Cell
To examine growth of WT1 transfected cell in normal medium, cells maintained in IMEM with 5% fetal calf serum were seeded at 1x10 4 cells per well in 6-well plates and counted every other day for 8 days using a hemacytometer. Five wells were examined for each time point and experiments were repeated three times.
To examine cell growth in the presence or absence of E2 and different drugs, cells maintained for 3 days in phenol red-free IMEM plus 5% dextran-charcoal-stripped fetal calf serum (HyClone, Logan, UT) were treated with 1 nM of 17ß-estradiol (E2), or DMSO vehicle as a control. Antiestrogens 4-hydroxytamoxifen (1 μM, Sigma, St. Louis, MO) and ICI 182,780 (1 μM, Sigma) were also included in the experiments. The cells were seeded at 1x10 4 cells per dish in 60-mm dishes and counted after 8 to12 days using a hemacytometer. Three dishes were used for each experiment and experiments were repeated three times. Alternatively, cells seeded at 1x10 4 cells per well in 6-well plates were counted every other day for 8 days using a hemacytometer. Five wells were examined for each time point and experiments were repeated three times.
Western blot analysis. Cells were washed with phosphatebuffered saline (PBS) and lysed with lysis buffer [50 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.25 mM EDTA pH 8.0, 0.1% sodium dodecyl sulfate (SDS), 1% Triton ® X-100, 50 mM NaF and the protease inhibitor cocktail from Sigma]. After adjustment to the same total protein content, cell lysates were analyzed by Western blot analysis. Twenty micrograms of cell lysates were boiled for 5 min in SDS gel loading buffer and separated on a 12 or 10% SDS-PAGE gel. After electrophoresis, the proteins were transferred to a PVDF membrane (Bio-Rad Laboratories, Hercules, CA). The membranes were probed with different primary antibodies, incubated with appropriate HRP-conjugated secondary antibodies and visualized with enhanced chemiluminescence (ECL) detection reagents (Amersham Pharmacia Biotech. Piscataway, NJ). The same membranes were stripped and reprobed with an antibody against ß-actin (I-19) (Santa Cruz Biotechnology, Santa Cruz, CA) to confirm equal loading.
Anti-phospho-AKT (Ser473) rabbit mAb, polyclonal anti-AKT antibody, anti-phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (197G2) rabbit mAb, anti-p44/42 MAPK (Erk1/2) (137F5) rabbit mAb, anti-EGF receptor (15F8) rabbit mAb and anti-phospho-ER-· (Ser118) antibody were purchased from Cell Signaling Technology (Beverly, MA).
Anti-cyclin D1, c-Myc and HER2/Neu antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz). Anti-ER-· antibody (Ab-15) was obtained from Lab Vision Products (Fremont, CA). Polyclonal anti-WT1 antibody was from Invitrogen Corporation.
Luciferase assay. Cells were transfected using FuGene 6 transfection reagent (Roche Applied Science) with a plasmid encoding the firfly luciferase gene driven by a promoter bearing two-tandem estrogen response elements, p2X ERELuc reporter plasmid (a kind gift from Dr Katarine Pettersson at Karolinska Institute, Sweden) and a cytomegalovirusdriven Renilla luciferase plasmid, pRL-CMV (Promega, San Louis Obispo, CA) to establish transfection efficiency. Cells were treated with 1 μmol/l 4OH-TAM and 5 μmol/l lapatinib (GW572016, LC Laboratories, Woburn, MA) in the absence or presence of 1 nM of E2 for 12 h. Forty-eight hours after transfection, cell extracts were prepared and luciferase activity was determined and normalized using the DualLuciferase Assay System (Promega) and a TD 20/20 Luminometer (Turner BioSystems, Inc. Sunnyvale, CA) as instructed by the manufacturer.
Statistical analysis. Data were summarized as the mean ± standard error (SE) using GraphPad InStat software program. Tukey-Kramer Multiple Comparisons Test was also used and the significance was accepted at p<0.05.
Results
High passage MCF7 cells (MCF7
H ) exhibited estrogenindependent and anti-estrogen insensitive growth. During our research, we observed a progressive development of estrogenindependent growth in a MCF7 cell subline (MCF7 H ) of long-term passage (>75) when compared to our low passage (<35) MCF7 L subline. In the absence of estrogen, MCF7
L cells proliferated at a very slow rate while were stimulated to grow rapidly by 1 nM 17ß-estradiol (E2) (Fig. 1A) , consistent with the fact that ER-positive MCF7 cells are estrogendependent cells that require the presence of estrogen for their optimum proliferation. MCF7 H cells proliferated rapidly in the absence of estrogen compared to MCF L cells. Further growth of MCF7
H cells was weakly stimulated by E2 (Fig. 1B) , suggesting that MCF7 H cells exhibit estrogen-independent growth but are still estrogen responsive (Fig. 1B) . Compared to MCF7 L , MCF7 H exhibited less sensitivity to anti-estrogens such as ICI 182,780 (ICI) and 4-hydroxytamixifen (4OH-TAM), one of the active metabolites of tamoxifen (Fig. 1B) .
MCF7
H cells expressed high levels of EGFR, HER2 and WT1. It is well known that constitutive or enhanced expression of the EGFR family members such as EGFR and HER2 render estrogen-independent growth and anti-estrogen resistance (reviewed in refs. [9] [10] [11] . Western blot analysis revealed that expression levels of HER2 and EGFR were increased in MCF7
H cells compared to MCF7 L cells (Fig. 2 ), indicating high passage MCF7
H cells gained expression of two members of the EGFR family, EGFR and HER2. The basal levels of the phosphorylated ERK1/2 and AKT were also elevated in MCF7 H cells, suggesting that the enhanced levels of EGFR and HER2 expression also resulted in an enhanced activation of the MAPK/ERK and the PI3K/AKT signaling pathways. In MCF7 H cells, the levels of ER-· phosphorylation at Ser 118 were also increased while the expression levels of ER-· were not significantly changed compared to MCF7 L cells (Fig. 2) . Finally, we observed that the expression levels of the Wilms' tumor suppressor WT1 were greatly increased in MCF7
H cells compared to MCF7 L cells (Fig. 2) .
MCF7 H cells exhibited ligand-independent ER activation and enhanced transcriptional activity simulated by estrogen.
To evaluate the effects of high levels of HER2 and EGFR expression on ER-transcription activity and ligand responsiveness, we performed transient transfection assays. MCF L and MCF7 H cells were transfected with an ER-regulated luciferase reporter gene (p2X ERE-Luc) and the internal control vector, pRL-CMV and evaluated for changes in the levels of basal (without treatment) and estrogen treatment induced transcription activity of endogenous ER-·. The transfected cells were cultured in a medium with dextran- charcoal-stripped serum to reduce steroid. In the absence of estrogen, the basal luciferase activity levels in MCF7 H cells were >30-fold higher than those in MCF7 L cells (Fig. 3 ). This suggests that the cross-talk between the signaling pathways mediated by the members of the EGFR family and ER enhances the basal transcription activity of ER-· in a ligandindependent manner. In MCF7 H cells, treatment of 1 nM E2 resulted in a >2-fold increase of ERE-reporter activity relative to the high basal levels observed in the untreated MCF7 H cells, whereas a ~5-to 6-fold increase in reporter activity relative to the basal levels in E2ß-treated MCF7 L cells (Fig. 3) . Anti-estrogen 4OH-TAM treatment inhibited E2-induced ER-· activity in both MCF7 L and MCF7 H cells, but failed to inhibit the ligand-independent activation of ER-· activity in MCF7 H cells (Fig. 3) . However, lapatinib (GW572016), an effective inhibitor for both EGFR and HER2 (24) , strongly inhibited the ligand-independent ER activity in MCF7 H cells and was without effect on the estrogen-induced ER activity (Fig. 3) . Combination of both 4OH-TAM and lapatinib abrogated the basal and estrogen-induced ER activity in MCF7 H cells. These results indicated that the transcriptional activity of ER in the presence and absence of estrogen is dramatically enhanced in the high passage MCF7
H cells through the cross-talk between the signaling mediated by the members of the EGFR family and ER-·.
Regulation of cyclin D1 and c-Myc expression by estrogen in MCF L cells is switched to the MAPK/ERK pathway in MCF7
H cells. We then examined the expression levels of two estrogen-inducible genes, cyclin D1 and c-Myc, both of which are also known to contribute to estrogen-stimulated cell growth (25) . In the absence of estrogen, both cyclin D1 and c-Myc were expressed at very low levels in MCF7 L cells while estrogen treatment strongly induced expression of both cyclin D1 and c-Myc in MCF7 L cells (Fig. 4A) . However, the basal levels of cyclin D1 and c-Myc expression were strongly enhanced in MCF7 H cells in the absence of estrogen and estrogen treatment had no further effect on their expression (Fig. 4A) , indicating that in the absence of estrogen, MCF7 H cells express high levels of cyclin D1 and c-Myc that could not be induced further by estrogen. It was reported that MCF7 cells become estrogen hypersensitive after a long-term culture under estrogen-deprived condition (26) . It is thus possible that the high passage MCF7 H cells might become estrogen hypersensitive and trace amount of remaining estrogen in the dextran-charcoal stripped serum may maintain sustained expression of both genes observed in MCF7 H cells. To examine this possibility, we included anti-estrogens in our experiments. In MCF7 L cells cultured in a steroid-reduced medium, c-Myc expression was significantly reduced (Fig. 4B) , suggesting c-Myc expression is mainly dependent on estrogen signaling in estrogen sensitive cells. Expression levels of cyclin D1 were also reduced in MCF7 L cells in the absence of estrogen, which was not further reduced with anti-estrogens such as 1 μM ICI 182,780 or 4OH-TAM but was totally diminished by the MEK inhibitor UO126 (Fig. 4B) , indicting that cyclin D1 expression was partially dependent on estrogen signaling and also relies on the MAPK/ERK pathway in estrogen-sensitive 
cells. In the MCF7
H cells, however, estrogen withdrawal and inclusion of both anti-estrogens had no effects on the sustained expression of cyclin D1 and c-Myc and only the MEK inhibitor UO126 was able to abrogate their expression (Fig. 4B ), indicating that in MCF7 H cells, expression of cyclin D1 and c-Myc was regulated predominantly by a mechanism that is dependent on the MAPK/ERK signaling pathway and thus bypassed the requirement for estrogen signaling.
Forced expression of WT1 induced levels of EGFR and HER2
expression. Previously, it was reported that the Wilms' tumor suppressor WT1 binds to its cognate binding sequences in the promoter region of the EGFR gene activating its expression (27) . Recently, the HER2 signaling pathway was found to increase the expression of WT1 protein in breast cancer cells (28) . To determine if WT1 is the cause or result of the elevated expression of HER2 and EGFR in MCF7 H cells, we transfected MCF7 L cells that express undetectable levels of endogenous WT1 with a CMV promoter-driven expression vector containing the WT1 cDNA. We established three clonal cell lines that highly expressed WT1 (MCF7/WTl-2, -3 and -4). We also generated a cell line from mixture of >20 clones transfected with the empty expression vector (MCF7/V). Western blot analysis using the antibody against the WT1 confirmed that the WT1 protein (~52 kDa) was highly expressed in three transfected cell lines but not in parental (MCF7/P) and control MCF7 L cells transfected with empty vector (MCF7/V) (Fig. 5A) . The expression levels of EGFR and HER2 were dramatically elevated in WT1-transfected MCF7 L cells compared to the parental (MCF7/P) and control (MCF7/V) cells (Fig. 5A) . ER-· expression was without significant change in WT1-transfected cells but the levels of ER-· phosphorylation at Ser 118 were increased (Fig. 5A) . Accordingly, the basal levels of the activated ERK1/2 and expression levels of cyclin D1 and c-Myc were all elevated in WT1-tranfected cells (Fig. 5B) . These results strongly suggested that WT1 expression induces the enhanced expression of EGFR and HER2, sustained activation of the MAPK/ERK signaling and increased expression of cyclin D1 and c-Myc observed in MCF7 H cells.
WT1 transfected MCF7 L cells become estrogen-independent and tamoxifen insensitive. The WT1-expressing MCF7
L cells and the MCF7/V cells were maintained under optimal growth condition in the presence of estrogen. The growth rate of each cell line was determined by counting the number of cells every other day. The cell lines expressing high levels of exogenous WTl (MCF7/WTl-2, -3 and -4) had ~5-fold higher growth rate than the control MCF7/V cells (Fig. 6A) . These data indicated that the high levels of WT1 expression dramatically enhanced the growth rate of transfected MCF7 L cells. In the absence of estrogen, WT1-transfected cells also proliferated at a more rapid rate (~8-fold) than the control MCF7/V cells (Fig. 6B) , indicating that WT1 expressing cells grew in an estrogen-independent manner. In addition, WT1-transfected MCF7 L cells also exhibited less sensitivity to anti-estrogens such as ICI 182,780 and 4OH-TAM when compared to the control MCF7/V cells (Fig. 6B) . These results suggested that acquired WT1 expression may act as a switch of estrogen-dependence to estrogen-independence though activation of EGFR and HER2 expression.
Discussion
Etiological, clinical and experimental data demonstrate that the mitogenic estrogen signaling plays an important role in both the initiation and progression of breast cancer (1) . The majority of human breast tumors is thought to initiate as estrogendependent lesions. However, with the malignant progression of the disease, most breast tumors will develop into estrogenindependent but retain estrogen receptor expression and are still estrogen responsive before they eventually develop into estrogen-independent and unresponsive phenotypes usually accompanied by lack of ER expression.
The switch of breast tumor from an estrogen-dependent to an estrogen-independent phenotype is also associated with a progression from a benign form to a more aggressive form of the disease that represents a major clinical problem. Endocrine therapy such as anti-estrogen tamoxifen that binds and antagonizes ER has been used to treat both early and advanced ER-positive breast cancer patients for almost three decades. Unfortunately, however, ~50% of patients with advanced primary breast tumors that are ER-positive do not respond to first line treatment with tamoxifen and thus have de novo resistance to endocrine therapy (29) . Of those that initially respond to endocrine therapy, most eventually will develop estrogen independence and acquire resistance to endocrine therapy. Further understanding of the molecular mechanisms underlying the development of endocrine resistance will allow us to overcome these obstacles.
In the present study, we found that the high passage breast cancer MCF7 cells (MCF7 H ) exhibit estrogen-independent growth and are less sensitive to anti-estrogens such as ICI 182,780 and 4OH-TAM compared to the low passage MCF7 cells, MCF7 L . The MCF7 H cells also express increased levels of both EGFR and HER2, members of the ErbB family and exhibited sustained phosphorylation levels of the MAPK/ERK and the AKT. Along the same lines, the expression levels of the downstream target genes such as cyclin D1 and c-Myc were also increased compared to MCF7 L cells. In addition, we observed that phosphorylation level of ER-· Ser 118 residue is increased in MCF7 H cells while the expression levels of ER-· were not significantly changed compared to MCF7 L cells. The basal (in the absence of estrogen) transcription activity of ER in MCF7 H cells was significantly higher than that in MCF7 L cells and E2 stimulated stronger ERE-dependent transcription in MCF7 H cells compared to MCF7 L cells, which was efficiently blocked by anti-estrogen 4OH-TAM. Consistent with these observations, previous studies have shown that that peptide growth factor signaling pathways can activate ER-· in absence of its ligand through phosphorylation of ER-· by the MAPK/ERK pathway (30) (31) (32) . Our data further established an important role for the cross-talk between the growth factor pathways and ER-dependent transcription activity in development of estrogen-independence and anti-estrogen resistance in breast cancer cells.
Cyclin D1 is a transcription target of the estrogen signaling (33) and in some studies its overexpression in ER-positive breast cancer has been associated with poorer prognosis (34) . Cyclin D1 is also a downstream target of HER2/Neu and is essential for HER2/Neu to induce mammary tumorigenesis in transgenic mice (35) . Likewise, c-Myc proto-oncogene is also a downstream target gene of estrogen signaling and a downstream effector of the peptide growth factor signaling pathways (36) . In the low passage MCF7 L cells, expression of both cyclin D1 and c-Myc are mainly subjected to estrogen regulation whereas their expression was switched to regulation by the MAPK/ERK pathway in MCF7 H cells. Unlike the observation that estrogen stimulated much higher ER- Previously, several laboratories reported that long-term estrogen-deprived (LTED) breast cancer cells develop estrogen hypersensitivity and increased expression of the MAPK/ERK which still can be inhibited with the pure antiestrogen ICI 182,780 (37) and expression of constitutively activated MEK1 showed hypersensitivity to estrogen without diminishing sensitivity to the inhibitory effects of antiestrogens (38) . Thus, it is possible that ER primed by the increased MAPK/ERK activity in MCF7 H cells may utilize the residual estrogen in the dextran-charcoal stripped serum to promote cell growth. However, in MCF7 H cells, the sustained expression of cyclin D1 and c-Myc in the absence of estrogen and in the presence of the pure anti-estrogen ICI 182,780 excludes the involvement of ER-mediated transcription since all known ERs are sensitive to the inhibitory effect of ICI 182,780. We observed down-regulation of ER-· in MCF H cells treated with ICI 182,780 (data not shown). In addition, we observed that the expression of c-Myc and cyclin D1 was completely abolished by the MEK inhibitor UO126 in MCF7 H cells, suggesting the growth factor signaling pathways acting through the MAPK/ERK pathway contribute predominantly to the sustained expression of cyclin D1 and c-Myc and estrogen-independent proliferation of MCF7 H cells. We also observed that growth of MCF7 H cells were inhibited by both ICI 182,780 and 4-OH-TAM although less sensitive compared to MCF7 L cells, which seems contradictory to the result that ICI 182,780 failed to block cyclin D1 and c-Myc expression. In anti-estrogen sensitive cancers, anti-estrogens reduce tumor size and increase overall survival by inducing a G 0 -G 1 cell cycle arrest and inducing apoptotic cell death (reviewed in ref. 39) . Tamoxifen has been shown to induce apoptosis in breast cancer cells through the p38 pathway (40, 41) and interferon regulatory factor-1 mediates the proapoptotic, but not cell cycle arrest effects of ICI 182,780 (42) . Thus, anti-estrogens may still induce apoptotic cell death while loss of cell cycle arrest effects in MCF H cells. It is now well established that in ER-positive primary breast cancers, overexpression of both EGFR and HER2 is associated with resistance to endocrine therapy (9) (10) (11) . However, the mechanisms whereby ER-positive breast cancer cells progressed to gradually gain EGFR and HER2 expression are largely unknown. Here, our data demonstrated that the Wilms' tumor gene product WT1 plays an important role in the upregulation of EGFR and HER2 expression in breast cancer cells. WT1 was initially discovered as a tumor suppressor gene of the genitourinary system. The biological function of WT1 outside of the genitourinary system remains controversial. Mutations of wt1 gene were reported in different types of cancer, such as mesothelioma, ovarian and prostate cancer and acute myeloid leukemia (16, 17) . However, accumulating evidence indicates a potentially oncogenic role of WT1 in leukemia and breast cancer (reviewed in ref. 43 ). WT1 expression was found in primary breast tumors (20) (21) (22) and high levels of WT1 expression were shown to predict a poor prognosis in breast cancer patients (22) , consistent with a putative oncogenic role of WT1. WT1 is a dual transcription regulator and functions to activate or suppress gene transcription depending on cell and gene context (23, 27, (44) (45) (46) , which may provide an explanation of WT1 function as both a tumor suppressor and oncogene. Previously, Zapata-Benavides et al (47) found that the expression levels of WT1 correlated with the proliferation of several lines of breast cancer cells and down-regulation of WT1 expression using WT1 antisense oligonuleotides led to growth inhibition of breast cancer cells, suggesting a growth promoting role of WT in breast cancer. In this study, we found constitutive expression of WT1 in breast cancer cells conferred increased expression of EGFR and HER2, suggesting that WT1 directly or indirectly regulates their expression. It has been reported that WT1 activates the EGFR promoter activity in neuron cells (27) . It is thus possible that WT1 may activate EGFR expression directly in breast cancer cells. The molecular mechanism underlying enhanced HER2 expression in WT1-transfected cells is not clear. The HER2 promoter sequence is G+C rich. The 300 bp upstream of the mRNA start site has 59% G+C content (48) . It is also worth noting that a pentanucleotide sequence GGAGG appears eight times in the region upstream of the mRNA start site in the HER2 promoter region (48) . In the EGFR promoter, the complement of this sequence, CCTCCTCC (the 'TCC' motif), appears four times upstream to the first ATG, which was required for WT1-mediated transcription activation of the EGFR gene (27) . It is reasonable to speculate that the same 'TCC' motif in the HER2 promoter may be used for the WT1 binding and activation of HER2 expression. It was also reported that WT1 expression can be increased by HER2 signaling pathway through AKT (28) . It is thus possible that the HER2 signaling and WT1 may form a positive feed back to maintain high levels of both expressions.
Previously, it has been reported that different isoforms of WT1 have distinct effects on mammary epithelial cells (49) . Recently, Han et al reported that WT1 down-regulated ER-· expression and mediated anti-estrogen resistance (50) . In our study here, we did not observe significant changes of ER-· expression in WT1-transfected MCF7 cells. In the previous study (50) , WT1 isoforms B and D were used, both of which contain the 17 amino acid insert. In this study, we used WT1 A isoform, which may provide an explanation for the distinct effects of WT1 on ER-· expression observed. Previously, it was found that the 17 amino acid domain harbors a transcription suppression domain and WT1 isoforms containing this domain have stronger transcription suppression activity (51) . These results suggested the ratios of WT1 isoforms in mammary epithelial cells are involved in regulation of cellular responses to estrogen and anti-estrogens.
In summary, our results demonstrate that the Wilms' tumor suppressor WT1 induces estrogen-independent growth and anti-estrogen insensitivity in ER-positive breast cancer MCF7 cells presumably through activation of EGFR and HER2 expression. These findings are consistent with the oncogenic role of WT1 in breast cancer development and suggest that examination of WT1 expression together with EGFR and HER2 assessment might be useful as a new diagnosis marker for selecting the appropriate treatment and as a prognostic factor in breast cancer patients.
